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Abstract: Extreme water-level recurrence estimates for a complex estuary using a high-resolution 2D
model and a new method for estimating remotely generated sea level anomalies (SLAs) at the model
boundary have been developed. The hydrodynamic model accurately resolves the dominant physical
processes contributing to extreme water levels across the Washington State waters of the Salish Sea,
including the relative contribution of remote SLA and other non-tidal residual processes that drive
extreme water levels above the predicted tide. The model’s predictions have errors of less than 15 cm
(<5% of 3–4 m tidal range) at eight tide gauge locations across the model domain. The influence of
remote SLAs at the seaward boundary of the model was implemented using a multivariate regression
of readily available and locally relevant wind, sea surface temperature, and pressure anomaly data,
combined with El Niño Index data (R2 = 0.76). The hydrodynamic model simulations using the
remote SLA predictor compared well with simulations using the widely used data-assimilative
global ocean model HYCOM SLA data (root mean square difference of 5.5 cm). Extreme water-level
recurrence estimates with and without remote SLA show that remote forcing accounts for 50–60% of
the total water level anomaly observed along Salish Sea shorelines. The resulting model simulations
across decadal timescales provide estimates of extreme water level recurrence across the Salish Sea,
capturing climate variability important to long-term coastal hazard planning. This approach has
widespread applications for other complex estuarine systems.

Keywords: extreme water levels; sea level anomalies; storm surge; hydrodynamic modeling; climate
change impacts; Salish Sea

1. Introduction

Coastal storms and associated flood impacts are projected to increase in extent and
frequency as sea levels rise, adversely impacting communities, valued infrastructure, and
critical ecosystems [1–4]. The mean rate of global sea level rise (SLR) has varied between 1.2
and 1.7 mm/yr in the twentieth century, has accelerated to 4.3 mm/yr over the last decade
(2013–2022) [5], and is expected to further accelerate under most greenhouse gas emission
scenarios [4,6–9]. Understanding and resolving extreme coastal water levels is therefore
critical to assessing the future coastal impacts anticipated with changing atmospheric and
ocean dynamics [10,11]. Numerical models can help quantify spatial variability in extreme
water levels along coastlines that is not captured by the few sites monitored by water level
gauges. Models and improved empirical data also help evaluate the relative importance of
the environmental forcing terms leading to extreme water levels, which are important to
forecasting future conditions related to climate change [12,13].
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Extreme water levels commonly result from the co-occurrence of high tides and non-
tidal residual (NTR) processes, including sea level anomalies (SLAs), inverse barometric
pressure excursions, high winds, and other phenomena that contribute to water level
anomalies above astronomically predicted values [14–16]. NTRs, defined here as all non-
tidal effects on water levels, are commonly quantified by applying low-pass filters or
subtracting predicted tides from measured water levels. They are applied to the boundary
of hydrodynamic models as a time-varying summation in addition to astronomic tides.
Sea level anomalies (SLAs) are one component of NTRs. They refer to deviations in the
sea level from long-term (>monthly) mean levels, and they can be a significant driver
of extreme water levels inside estuaries and coastal bays [14–19]. SLAs in the Eastern
Pacific Ocean are driven by variations in ocean density (salinity and temperature), as
well as winds, atmospheric pressure anomalies, regional current dynamics, and large-
scale ocean phenomena such as El Niño Southern Oscillation (ENSO) and Pacific Decadal
Oscillation [14,20–22]. Moreover, westerly and alongshore winds drive onshore wind setup
and Ekman transport, resulting in a meridional jet and geostrophic setup along the U.S.
west coast [23] that can propagate into inlets. Due to the wide range of processes that
contribute to SLAs, they are difficult to predict using simple algorithms, and are most often
approached using process-based numerical models.

Although SLA contributes significantly to extreme water levels and associated coastal
hazards in Pacific Ocean coastal communities [24–30], long-term SLA data are sparse for
wide-spread application in numerical simulations, and existing data have a wide range of
uncertainty [31]. One dataset is the output from the HYbrid Coordinate Ocean Model [32]
that provides sea surface height (SSH) data for 1994–2015, which can be analyzed for
occurrences of SLAs. However, 22 years is a relatively short record for developing long-
term statistics (e.g., 100 year water levels). While SLA data are vital offshore boundary
conditions for hydrodynamic models [33], they are essentially nonexistent for use in future
climate projections [34].

This paper describes a new approach to evaluate extreme water levels in estuaries
and a methodology for representing remotely generated SLAs that can penetrate into these
estuaries. First, we describe our study area in the Salish Sea and the development and
validation of a hydrodynamic model for the Salish Sea (Figure 1). Next, we discuss the
development of an empirically based SLA predictor by applying a multilinear regression of
available wind, pressure, El Niño Index, and sea surface temperature anomaly (SSTA) data
and discuss its validity by utilizing the derived SLA time series as the offshore boundary
conditions for a hindcast scenario. To determine the relative importance of tides, SLAs,
fluvial inflow, and other processes contributing to NTRs, the model was run with and
without these forcing mechanisms. Lastly, extreme value analyses of a 30-year hindcast
simulation were conducted to define and map the recurrence of the 2-year (50%) and
50-year (2%) water levels and NTRs in the Salish Sea and the relative contribution of
SLA, pressure, and wind effects. The aim of this research is to advance a methodology
to numerically simulate the contributions to extreme water levels efficiently in order to
capture climate variability and change. The recurrence results and model accounting for
decadal variability help inform resilience planning for coastal hazards. They also provide
an approach to evaluate climate-scale changes to contributing factors that are relevant to
complex estuary systems.

Study Area

The Salish Sea is a fjordal estuarine system located along the Eastern Pacific Ocean,
spanning the border between the United States and Canada. It is home to two major
population centers: Seattle, Washington (USA) and Vancouver, British Columbia, Canada
(Figure 1). It includes three main basins connected through a complex network of channels
and waterways, consisting of Puget Sound in the south, the Strait of Georgia in the north,
and the Strait of Juan de Fuca in the west; the latter of which serves as the main connection
with the Pacific Ocean. The existing population of 8.7 million bordering the Salish Sea is
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projected to reach 10.5 million by 2040 [35]. Salish Sea coastal communities, infrastructure,
and ecosystems are exposed to extreme water levels associated with the combined influence
of tides, storms, and sea level rise [5,33,36–39]. Many of the lowest-lying coastal areas of
the Salish Sea are vulnerable to flooding today and to anticipated sea level rise, which are
national priorities for agriculture, recovering valued ecosystem services, salmon [40], and
environmental justice where indigenous and other under-represented communities are
disproportionately impacted [41,42].Water 2023, 15, x FOR PEER REVIEW 3 of 25 
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Survey (USGS, green triangles) water level measurement stations.

Salish Sea tides are mixed-semidiurnal or mixed-diurnal, with a diurnal range of
nearly 2.4 m at Neah Bay, increasing to 4.4 m at Olympia [43]. The tidal phase lag increases
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with the distance from the ocean because of dissipation, and these increases are greatest
at channels and inlets. Tidal currents can be strong—in excess of 1 m/s—in channels and
inlets and weaker in basins.

Over the past decades, several studies have been conducted to better understand
Salish Sea hydrodynamics, as well as the causes and spatial distribution of the extreme
water levels in it [29,33,44–54]. These studies report that extreme water levels in the Salish
Sea are primarily driven by low atmospheric pressure (inverse barometric effect) and
winds, in addition to remote SLA that penetrate from the Pacific Ocean into the Salish
Sea [28,47,53–55]. For example, in February 2006, SLAs were found to be the primary cause
of a 70 cm NTR in the Salish Sea, and the contribution of local wind and atmospheric
conditions was negligible [29].

2. Materials and Methods
2.1. Model and Data Sources

We developed a process-based hydrodynamic model following references [14,15] to
capture the dominant physical forcing mechanisms contributing to extreme water levels in
the Salish Sea. The Delft3D Flexible Mesh modeling suite (Delft3D-FM; 2020.04 release, SVN
revision 66357, Delft, The Netherlands) was used to conduct the simulations. Delft3D-FM
solves the shallow water equations [56] on a depth-averaged 2D horizontal (2DH) staggered
unstructured grid. The model domain encompasses the entire Salish Sea (Figure 1a). The
offshore boundaries extend north and west; therefore, the model domain includes the
connection between the Strait of Georgia and the Pacific Ocean. In the south, the model
boundary extends 180 km south of the entrance to the Strait of Juan de Fuca. The grid
consists of 412,865 nodes, with resolutions varying between approximately 1 km at the
seaward extents of the computational grid to approximately 150 m in Puget Sound and
other coastal areas.

Three datasets were used to build the model bathymetry (Figure 1a). We used the U.S.
Geological Survey (USGS) Coastal National Elevation Database topo-bathymetric digital
elevation model (1 m resolution) for the Strait of Juan de Fuca [57] and Puget Sound [58].
Bathymetric data for the Strait of Georgia and other Canadian waterways in the northern
Salish Sea were obtained from the National Oceanic and Atmospheric Administration
(NOAA) 3 arc-sec (90 m) British Columbia digital elevation model (DEM) [59], and data
gaps in the offshore were populated with the NOAA 30 arc-sec (900 m resolution) Strait of
Juan de Fuca DEM [60]. Friction (roughness) values were initially obtained from available
measured data [61]. All the bathymetry and water levels discussed in this work are relative
to the NAVD88 vertical datum unless otherwise explicitly stated.

The roughness values were calibrated to optimize tidal propagation in the Salish Sea
hydrodynamic model, with Manning’s n coefficients ranging from 0.020 s/m(1/3) in the
South Sound to 0.057 s/m(1/3) in the Strait of Juan de Fuca [62].

Oceanic boundaries were forced with tides and SLAs. FES2014 [63] global astronomical
tide data with a resolution of 0.04 degrees was used to generate tidal boundaries. The phase
and amplitude of tidal constituents and the vertical offset between the mean sea level and
NAVD88 datum were calibrated iteratively based on differences between the modeled and
observed tidal constituents at Neah Bay (see Figure 1 for locations). Time-varying, spatially
uniform SLA for the calibration simulations were applied to the oceanic boundary either
based on the HYCOM SSH data with a temporal resolution of three hours or based on the
SLA predictor introduced in Section 3.2.

The hydrodynamics in the Salish Sea are strongly influenced by density variations,
which can lead to mean sea level variations up to 0.5 m [44,45,64,65]. Accordingly, we
generated a depth-averaged, normalized salinity field representing fall–winter conditions
when extreme water levels are most prevalent. This was prescribed as an initial condition in
the model at the beginning of each water year (WY, referred to as 1 October–30 September).
Depth profile measurements of temperature, salinity, and density obtained by the State
of Washington Department of Ecology Marine Waters Monitoring Program [66] were
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converted into a spatial grid using triangular interpolation. Because the focus of this work
was capturing extreme water levels in the Salish Sea, which mainly occur during the winter
months, only the salinity data from October through March (1999–2017) were used for
interpolation into the model. We used HYCOM global model salinity, temperature, and
density data [31] for the period of 1993 to 2015 in the Strait of Juan de Fuca and the Pacific
Ocean, where no measured data were available. Considering the measured and HYCOM
density values, the equation of state was used to normalize the salinity values for a constant
temperature of 12 ◦C [67]. We then used the normalized salinity field as the initial condition
and excluded non-conservative temperature terms from the simulations, developing a
robust and efficient Salish Sea hydrodynamic model.

Fluvial discharge was prescribed as the boundary conditions at the mouth of the
23 largest rivers entering the greater Puget Sound region [68,69] and the Fraser River [70]
entering the Salish Sea (Figure 1). The mean daily discharge was used to capture the influ-
ence of stream flow on Salish Sea salinity and associated density-dependent coastal water
level variability. Depending on the model period, different sources were used to prescribe
these values (see Section 2.2). The model was additionally forced with spatiotemporally
varying wind and pressure fields sourced from the Canadian 2.5 km High-Resolution
Deterministic Prediction System (HRDPS) [71] and 6 km Weather Research and Forecasting
(WRF) downscaling [72] of the North American Regional Reanalysis (NARR) [73].

2.2. Model Approach

The modeling was performed for two time periods (Table 1). The first simulation
period, 1 October 2016 to 30 September 2020 (water years 2017 to 2020), was used to
validate the Salish Sea hydrodynamic model. This period was chosen to make use of
water level measurements at six USGS water level gages (Figure 2a) in areas of limited
existing observations (e.g., Whidbey Basin and Hood Canal), complementing data from
eight existing NOAA tide gauges (Figure 2b). The water levels used in reference [74] were
collected at 15 min intervals spanning the period from November 2018 to June 2020 and
referenced to the vertical datum NAVD88 with a maximum uncertainty of 3 cm. For this
validation period, we used hourly wind and atmospheric pressure data sourced from the
2.5 km HRDPS numerical weather model and HYCOM SSH data to represent SLAs for
boundary forcing. The model simulations were performed as individual water years and
merged into a single four-year time series (2017, 2018, 2019, 2020).

Table 1. Model period, purpose, time period, and sources of sea level anomaly (SLA): streamflow
and meteorological conditions.

Model Period Purpose Time Frame SLA Streamflow Meteorology

1 Short-term detailed
historical period

Determine model skill
using the best
available data

2017–2020 HYCOM

USGS,
Environment and Natural

Resources
Canada ‡

HRDPS

2 Long-term
historical period

Validate SLA predictor
Estimate

extremes and contributions
1985–2015 HYCOM *;

SLA predictor †

USGS,
Environment and Natural

Resources Canada ‡
WRF-NARR !!

Notes: * 1994–2015; † 1985–1994; ‡ gap-filled multi-linear regression (see Appendix A.1); !! meteorological bias
correction (see Appendix A.2).

The second period, spanning 1985–2015, was used to test the skill of the derived sea-
level anomaly predictor and quantify extreme values in the Salish Sea. For these analyses,
HYCOM SSH was prescribed along the offshore boundary for the period of 1995–2015. Fol-
lowing a comparison of the SLA predictor calculated using the multi-parameter regression
and WRF downscaled NARR outputs (see Sections 2.3 and 2.4 for details) to HYCOM over
the period of 1995–2015 that showed comparable skill, the SLA predictor was used for the
period of 1985–1994, prior to the availability of HYCOM.



Water 2023, 15, 4167 6 of 24Water 2023, 15, x FOR PEER REVIEW 6 of 25 
 

 

 
Figure 2. Timeline of available water level data at the U.S. Geological Survey (a) National Oceanic 
and Atmospheric Administration (b) water level stations. Locations of measurement sites shown in 
Figure 1B. 

The second period, spanning 1985–2015, was used to test the skill of the derived sea-
level anomaly predictor and quantify extreme values in the Salish Sea. For these analyses, 
HYCOM SSH was prescribed along the offshore boundary for the period of 1995–2015. 
Following a comparison of the SLA predictor calculated using the multi-parameter regres-
sion and WRF downscaled NARR outputs (see Sections 2.3 and 2.4 for details) to HYCOM 
over the period of 1995–2015 that showed comparable skill, the SLA predictor was used 
for the period of 1985–1994, prior to the availability of HYCOM. 

2.3. Analysis Methods 
The tidal constituents, including amplitudes and phases, were calculated from the 

continuously measured water levels at each station using UTide [75]. The predicted tidal 
water levels that were calculated from the constituents were subtracted from the meas-
ured water levels to provide estimates of NTRs at each observation location. 

Stream discharge data containing temporal gaps were filled using a multi-linear re-
gression against other available sites. The regression included a temporal offset parameter 
for each site in the regression, determined based on the greatest correlation discharges. A 
similar procedure was used to predict future discharge at streams not modeled in the 
downscaled hydrological simulations available as part of the University of Washington 
Climate Impacts Group Pacific Northwest Hydroclimate Scenarios Project [76]. Additional 
details of the gap-filling approach are provided in Appendix A.1. 

Wind speed predictions from 6 km WRF downscaled NARR simulations [72] were 
adjusted to better represent the wind over the water, as coarse numerical weather prod-
ucts commonly underpredict the wind over water in narrow bays and inlets, where higher 
friction has been parameterized for land. The comparatively high-resolution 2.5 km 

Figure 2. Timeline of available water level data at the U.S. Geological Survey (a) National Oceanic
and Atmospheric Administration (b) water level stations. Locations of measurement sites shown in
Figure 1B.

2.3. Analysis Methods

The tidal constituents, including amplitudes and phases, were calculated from the
continuously measured water levels at each station using UTide [75]. The predicted tidal
water levels that were calculated from the constituents were subtracted from the measured
water levels to provide estimates of NTRs at each observation location.

Stream discharge data containing temporal gaps were filled using a multi-linear
regression against other available sites. The regression included a temporal offset parameter
for each site in the regression, determined based on the greatest correlation discharges.
A similar procedure was used to predict future discharge at streams not modeled in the
downscaled hydrological simulations available as part of the University of Washington
Climate Impacts Group Pacific Northwest Hydroclimate Scenarios Project [76]. Additional
details of the gap-filling approach are provided in Appendix A.1.

Wind speed predictions from 6 km WRF downscaled NARR simulations [72] were
adjusted to better represent the wind over the water, as coarse numerical weather products
commonly underpredict the wind over water in narrow bays and inlets, where higher
friction has been parameterized for land. The comparatively high-resolution 2.5 km HRDPS
and observations at NOAA coastal meteorology stations were used to develop a bias
correction for extreme wind (99th percentile). The correction was applied to historical and
future predictions following the details described in Appendix A.2.

To assess the accuracy of the model, several skill score metrics were used, including
the model bias, mean absolute error (MAE), root mean square error (RMSE), coefficient
of determination (R2), and scatter index (SCI), which is RMSE divided by the mean of
observations at each measurement point. The SCI gives a relative measure of the RMSE
compared to the observed variability.
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An annual maxima/generalized extreme value (AM/GEV) analysis [77] was used to
compute the extreme recurrence of water levels. We used the open-source “pyextremes” li-
brary to perform the GEV analysis on model-derived spatial annual maximum water levels
at each grid cell from the 1985–2015 hindcast. To assess the reliability of the AM/GEV anal-
ysis, we also applied a peak-over-threshold/generalized Pareto distribution (POT/GPD)
approach and found comparable results to the values calculated using the AM/GEV
method. Whereas the POT method is often considered more robust for evaluating extreme
values compared to the AM/GEV method [77], we used the AM/GEV approach for its
computational efficiency to generate extreme water level recurrence for each model cell
across the model domain from Delft3D outputs of the annual maxima.

2.4. Development of Sea Level Anomaly Predictor

We developed an SLA predictor to provide forecast capabilities for SLAs that are
important to understanding current sources of extreme water levels and potential changes
to extreme water levels in the future. First, we tested the correlation between the modeled
and measured NTR at the entrance of the Strait of Juan De Fuca at Neah Bay based on
different spatially explicit prescriptions of the SLA along the offshore marine boundary.
In particular, the SLA is based on HYCOM SSH data at different locations along the open
ocean boundary of the Salish Sea hydrodynamic model. These tests were used to identify a
single location with the highest correlation between the modeled and measured NTR at
Neah Bay. The correlation tests demonstrated that the NTR and extreme water levels at
Neah Bay are most sensitive and are most highly correlated with SLA forcing 5 to 10 km
offshore along the southern boundary of the Salish Sea model. Therefore, this arbitrary
location was used in this study instead of nesting the hydrodynamic model with spatially
varying HYCOM values along all open ocean boundaries.

Second, we formulated a multi-parameter SLA predictor for the estimation of remote
NTRs for periods when modeled SLA data do not exist. The SLA predictor was initially
determined by testing the individual correlation between four physical processes to HY-
COM SSH data during the 1995–2010 water years. Wind stress estimates from dynamic
and geostrophic winds (τ), ENSO indices, and offshore sea surface temperature and pres-
sure anomalies were found to have the most significant correlations to the HYCOM SSH
data. Physical processes such as Ekman pumping and Pacific Decadal Oscillation showed
negligible correlations with the HYCOM SSH data. For this analysis, we used the WRF
downscaled NARR wind and pressure fields spanning the period 1985–2015 [70]. Wind
stress was discretized to daily values consistent with the Oceanic Nino Index, SST, and
SSP variables used to capture their influence on sea surface height variations operating
at daily timescales or longer [78,79]. After investigating the correlation of each physical
parameter individually to HYCOM SSH data at the selected offshore model boundary sites,
multivariate regression was used to identify the optimal time lag for each term. The time
lags were determined based on individual lagged correlations, using the lag associated with
the highest correlation. As the final step for developing the SLA predictor, the regression
results were quantile-corrected to have the same distribution as the HYCOM SSH data. The
final SLA predictor took the form of the following formulation:

SLA predictor = 0.47τy − 0.000053 (SLPA) + 0.024 (SSTA) + 0.021 (ONI) (1)

where τy (N/m2) is dynamic northward wind stress, SLPA (Pa) and SSTA (◦C) are sea-level
pressure and sea-surface temperature anomalies, respectively, and ONI is the Oceanic Nino
Index (◦C).

3. Results
3.1. Model Skill: Tides and Storm Surge Propagation, Water Level Gradient

The model skill was assessed by comparing the values between the modeled and
measured water levels for each observation station over the four-year validation period
(2017–2020 water years), showing good agreement (Figure 3). Positive and negative bias
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values indicate over- and underestimates of the mean water levels, respectively. The
total RMSE varied between 9.4 cm and 18.5 cm for the Edmonds and Hoodsport stations,
respectively. The lower skill at Hoodsport may be due in part to the shorter observation
period (~4 months) and poorer representation of the initial density field and fluvial inputs.
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Figure 3. Modeled and measured water levels: quantile–quantile (Red) and scatter (Blue) plots for
the Salish Sea hydrodynamic model validation period (2017–2020 water years) in meters relative to
NAVD88. The root mean squared error (RMSE), mean absolute error (MAE), mean averaged error
(bias), correlation of determination (R2), and scatter index (sci) values for each measurement station
are listed.

The amplitude and phasing of the largest astronomic tidal constituent (M2) across
the sites are represented well (Figure 4A,B). Along the trajectory from the Strait of Juan
de Fuca into South Puget Sound, the amplitude of M2 initially decreases sightly then
steadily increases. The maximum amplitude and phase of the M2 tide of ~1.2 m and ~5.5 h,
respectively, agree with the observed values (Figure 4D,E), along with other dominant
constituents (K1, O1, S2, N2). Furthermore, the model is able to represent the overall
increase in the mean water level observed between Neah Bay and South Puget Sound that
is related to the estuarine circulation and density effects of the complex fjordal estuarine
system (Figure 4C,F). The modeled mean water level along the regional transect evaluated
(white line in Figure 4C, black line in Figure 4F) over the period of 1 October 2017 to
30 September 2020 agrees with the observed values at the NOAA tide gages (circles in
Figure 4C,F; crosses denote modeled mean water levels at gage sites).
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Target plots (Figure 5) show the bias and bias-removed RMSE for the water levels at 
each measurement station. The comparisons include error metrics for the modeled tides, 
NTRs, water levels, and water levels exceeding the 50th, 90th, 95th, and 99th measured 
percentiles to highlight the model’s performance in capturing extremes. The modeled 
tidal amplitude and phase errors are generally minor, with an average uRMSE of less than 
10 cm (brown triangles in Figure 5). The simulated water levels over the entire 2017–2020 

Figure 4. Maps of modeled M2 tidal amplitude in meters (A), M2 tidal phase in hours (B), and mean
water level in meters (NAVD88) (C) during the 2017–2020 water years. Measured values are shown
with circles. Plot of amplitude (D), tidal phase (E) of M2, K1, O1, S2, and N2 tidal constituents, and
mean water level (black line in (F)) along the profile (white line shown in (C)) relative to the observed
mean levels at tide gages Neah Bay (NB), Port Angeles (PA), Port Townsend (PT), Seattle (SE), and
Tacoma (TA); crosses denote modeled mean water levels at gage sites as opposed to along the offshore
transect; errors are similar to or smaller than the circles.

Target plots (Figure 5) show the bias and bias-removed RMSE for the water levels at
each measurement station. The comparisons include error metrics for the modeled tides,
NTRs, water levels, and water levels exceeding the 50th, 90th, 95th, and 99th measured
percentiles to highlight the model’s performance in capturing extremes. The modeled
tidal amplitude and phase errors are generally minor, with an average uRMSE of less
than 10 cm (brown triangles in Figure 5). The simulated water levels over the entire
2017–2020 validation period had RMSEs less than 15 cm at all measurement stations except
at Hoodsport (18.5 cm), Olympia (15.1 cm), and Oak Harbor (16.5 cm) (Figures 3–5).
However, the model captures high water levels more accurately with lower RMSE values
for modeled water levels above 99th percentile at Hoodsport (11.8 cm), Olympia (13.9 cm),
and Oak Harbor (11.1 cm). The error values for the modeled water levels are driven by
differences in the tide and NTR (notice triangles and diamonds in Figure 5). Note that the
NTR estimations are defined as the residual water levels after removing the tide, and they
include the effects, for example, of the SLA, mean sea level, and wind-driven setup.
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Figure 5. Unbiased root mean squared error (uRMSE) and bias values for the modeled water levels
(WL) (red circles) and water levels above the 50th (blue circles), 90th (green circles), 95th (orange
circles), and 99th (yellow circles) measured percentiles during the 2017–2020 water years. Brown
triangles and pink diamonds show error values for the tide and non-tidal residual (NTR). The polar
distance from the center shows the RMSE values at each station (uRMSE2 + Bias2 = RMSE).

3.2. Sea Level Anomaly Predictor

The quantile-corrected SLA predictor at the model boundary had an RMSE of 5.5 cm
(R2 = 0.76) relative to HYCOM SSH over the period of 1995–2010, with slight underestima-
tions of the highest SSH anomalies (Figure 6A). The variability in the RMSE of the modeled
SLA over the simulated period ranged from 4.2 to 6.2 relative to HYCOM SSH (Figure 6B).
The predictor showed better agreement with HYCOM SSH during more extreme winter
high water level anomalies (Figure 6C).

The simulated water level, tide, NTR, and water levels exceeding the 99th percentile
based on the SLA predictor and HYCOM forcing on the offshore boundary over the 15-year
hindcast period of 1995–2010 agree within 5–15 cm across all stations (Figure 7). The
differences in the RMSE for the water levels forced by the predictor versus HYCOM were
1 cm at all the measurement stations except for Cherry Point, where the RMSE with the
SLA predictor model was ~2 cm higher than the model prescribed with HYCOM SLA.
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However, the simulations that used the SLA predictor as the offshore boundary condition
had better skills for predicting water levels above the 99th percentile, highlighting that
the developed predictor is a reliable tool for estimating extreme water levels. Overall, the
results of this validation effort confirmed the SLA predictor as an appropriate offshore
boundary forcing alternative for the Salish Sea hydrodynamic model when other SLA
datasets are unavailable.
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and HYCOM SSH (red) for the 2001 water year.

3.3. Extreme Water Level Recurrence and Change

The model skill for predicting water levels over the long-term historical period
(1985–2015) in terms of the RMSE was better than 16 cm at all the stations, with an average
RMSE of 12 cm (Figure 8). No significant trends in the RMSE across stations and years
were observed. However, the model skill at La Push was slightly poorer in the first years
of comparison (WY2003–2004). The water levels in WY1997 had an above-average RMSE,
which became especially clear for the stations in Cherry Point and Seattle. Cherry Point, in
particular, had the most variability in RMSE of all the stations included in this comparison.

The extreme recurrence based on the AM/GEV and POT/GPD distributions of the
modeled and measured water levels at the NOAA Seattle tide gage station are similar
(Figure 9 red and blue lines). The AM/GEM extreme water level estimates based on the
modeled water levels (green line) are typically similar (within 5 cm) to the values derived
from the measured water levels. This similarity between results was consistent for the other
stations, confirming the validity of the AM/GEV method for estimating extreme water
levels and using the 1985–2015 hindcast water level values. However, for frequent events
(e.g., annual events), differences were noticeable between the approaches.
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Figure 9. Extreme value analysis for Seattle (NOAA station ID, 9447130) based on the POT (blue)
and AM/GEV method (red) for the modeled and measured water levels. Circles are point estimates
used to fit the representative distribution, and the blue shading shows the 95 percent confidence
interval for the POT method. The AM/GEV results of modeled water levels are shown with the green
dotted line.

Because the hindcast duration was limited to 31 years and AM/GEV theoretically
cannot assess 1-year water levels, we characterized low- and high-probability extreme
water levels based on modeled 2-year and 50-year water levels (Figure 10). The modeled
2-year (50%) and 50-year (2%) extreme water levels across the Salish Sea demonstrate
higher extreme water levels in Puget Sound than the Strait of Juan de Fuca and the Strait of
Georgia. Among the different basins of Puget Sound, the modeled extreme water levels
were highest in South Sound, with 50-year water levels mostly above 4.0 m NAVD88.
Whidbey Basin showed the next-highest values, with 50-year water levels ranging between
3.5 and 3.9 m NAVD88, while in Central Basin and Hood Canal, the 50-year water levels
ranged from 3.3 to 3.7 m NAVD88.

In contrast to the extreme water level distribution pattern shown in Figure 10 that
largely reflects tidal behavior (Figure 4A,B), the AM/GEV analysis performed for the
1985–2015 reanalysis simulations without tidal forcing and assuming no interactions be-
tween tides and NTR [16] showed different extreme NTR distributions (Figure 11). The
modeled 2-year (50%) and 50-year (2%) NTR are smaller inside Puget Sound than in other
bodies of water in the Salish Sea. This highlights the increasing importance of tide to
extreme water levels deeper into the Salish Sea. The NTRs are modeled 0.1–0.3 m higher
across the shallow embayments and river deltas of Boundary, Bellingham, Padilla, and
Fidalgo Bays and Whidbey Basin. The 2-year and 50-year NTR recurrence derived using
the model and SLA predictor show good agreement with those calculated based on the
measured values (Figure 11, circles at stations).

3.4. Contribution of SLA to Extreme Water Levels

Extreme value analyses differencing the individual SLA-, atmospheric pressure-, and
wind-specific hindcast (1985–2015) simulations from the ‘combined’ water level results by
excluding one of these forcing mechanisms for each analysis indicate that SLA plays the
greatest relative role to extreme water levels across the Salish Sea (Figure 12). Excluding
SLAs from the simulations resulted in 30 to 60 cm underestimations of NTR in parts of
Puget Sound and the Strait of Georgia (Figure 12A,B). Atmospheric pressure was next in
importance, as the 2- and 50-year water levels were underestimated by an average of 15 cm
and 25 cm, respectively, when the pressure effects were neglected. Additionally, the model
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results demonstrated that wind contribution to extreme water levels is generally small
in the Salish Sea, except in the northern areas of the Strait of Juan de Fuca and Southern
Strait of Georgia, where the 50-year water levels would be underestimated by 15 to 20 cm
if the wind effects were neglected. Understanding the relative roles of forcing factors is
anticipated to be increasingly important to address changes in future climate and sea level
and the effects of their interactions on extreme water levels.
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4. Discussion

The validation presented here shows that the depth-averaged Delft3D FM model can
accurately simulate extreme still water levels (defined here as absent wave height and
wave runup) throughout the Salish Sea for the detailed validation period from 2017 to
2020 (Figures 3 and 5) and for the longer-term hindcast of 1985 to 2015 (Figure 8). This
accuracy has been achieved by identifying the density variations that influence the mean
sea level and the creation of an SLA predictor. The advantage of this approach is that
it is possible to simulate the hydrodynamic conditions in the Salish Sea over decades to
ensure reliable input data for the extreme value analysis. Furthermore, capturing sufficient
environmental variability enabled the determination of the relative role of important drivers
of extreme water levels, including remotely generated sea level anomalies relative to local
and regional atmospheric pressure and wind effects. The downside of this approach is that
depth-averaged modeling for salinity and temperature prevents us from representing three-
dimensional estuarine hydrodynamics. Using an initial salinity field accounting for fall and
winter conditions addresses the difficulties reported in other efforts [29,80,81] in capturing
M2 tidal harmonics in the Salish Sea when extreme water levels are prominent. However,
due to depth-averaged model limitations, the model does not capture the evolution of
density with the transition from winter to summer conditions, and it overestimates the
mean sea level during the second half of a water year (~spring and summer conditions).
We also do not account for annual variations in salinity. We suspect that the difficulty of
capturing the mean sea level using a depth-averaged model might explain the relatively
large biases at, for example, Hoodsport and Oak Harbor. Moreover, the relatively large
calibration range for friction values indicates model inaccuracies (e.g., bathymetry or grid
discretization) or processes not included in the model (e.g., 3D effects). Lastly, this work
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does not consider the effects of waves. Instead, it focuses on computing extreme still water
levels caused by tide, mean sea level, remotely generated SLA, and local atmospheric
pressure and winds relevant to evaluating the effects of climate change and sea level rise.

A critical component of our modeling approach is the SLA predictor. For the period
from 1994 to the present, HYCOM-based SSH was used for the SLA, resulting in the highest
model skill. However, the lack of SSH data like HYCOM prior to 1994 and for future time
periods has limited the long-term simulations required to determine robust extreme water
level recurrence. The SLA predictor introduced in this paper is a pragmatic approach
that employs readily available hindcast and projected parameters. The SLA predictor
facilitates assessments beyond the limited time period of measured SLA and evaluates
potential changes in the future, assuming relationships between the observed SSH and
forcing parameters. The extent to which relationships between SSH and forcings diverge
in the future from those observed in the past may be important and will be a focus of
additional research given the importance of SLA to coastal flooding.

Four different model simulations with and without the following individual boundary
condition forcings were used to determine the recurrence water levels and the relative
contributions of tides, SLA, atmospheric pressure, and wind to extreme still water levels.
This pragmatic approach applied across San Francisco Bay [16] also worked well to estimate
the return probability of still water levels across the Salish Sea and to quantify the individual
effects of dominant forcing mechanisms. The NTR values and distribution patterns were
similar to estimates from other studies based on shorter simulations [54]. The extreme
water levels and NTRs modeled here, based on a 30-year period, allow for more robust
extreme value analyses capturing decadal-scale climate variability, which is important for
diverse planning applications. Our findings indicate relatively higher and therefore greater
exposure to extreme water levels in South Puget Sound, Whidbey Basin, and the regions of
Boundary Bay, Bellingham, Samish, Padilla, and Fidalgo Bays (Figure 10). Localized higher
exposure to extreme NTRs are also modeled in these areas (Figure 11), in part related to
local atmospheric pressure and wind effects interacting with the broad and shallow river
delta and embayment environments (Figure 12).

Resolving the relative contributions to extreme water level recurrence provides a
unique approach to assess the influence of discrete processes that lead to flooding, including
remotely generated SLAs that penetrate into the Salish Sea from the Pacific Ocean and
can contribute 50–60% of the total water level anomaly inside the estuary. Accounting
for individual drivers of extreme water levels, including the remotely generated SLA, is
important for coastal flood prediction, as each of these drivers are anticipated to respond
to climate change and sea level rise in unique and complex ways. Informing the expected
increase in coastal flooding with change in climate and sea level rise [2,3] will benefit from
further research and refinement of environmental factors like SLA and uncertainty that
drive extreme water levels and NTRs.

5. Conclusions

Here, we have presented a new method for estimating sea level anomalies (SLAs) and
modeling extreme water levels in the Salish Sea. The hydrodynamic model successfully
captured the dominant physical forcing mechanisms contributing to extreme water levels
across the complex geomorphology and hydrodynamics of the estuary. The model showed
good agreement with measured water levels, tides, and non-tidal residuals (NTRs), indicat-
ing its skill in simulating the hydrodynamics. The validation results demonstrated that the
model accurately represented the amplitude and phase of the dominant astronomic tidal
constituents (M2, K1, O1, S2, N2) and the overall increase in the mean water level into the
estuary. Additionally, the accuracy of the modeled water levels improved for more extreme
water levels.

To estimate SLAs for periods when SLA or SSH data are unavailable, we developed
a multivariate regression-based SLA predictor. The predictor considered the effects of
the sea level pressure anomaly, sea surface temperature anomaly, wind stress, and El
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Niño Southern Oscillation Index. The validation of the SLA predictor using HYCOM SSH
data showed good agreement, with an RMSE of 5.5 cm and a high correlation (R2 = 0.76).
The SLA predictor was successfully applied as the offshore boundary condition for the
hydrodynamic model, facilitating reliable estimates of extreme water levels.

Extreme water levels and their recurrence, capturing decadal climate variability, were
generated across the Salish Sea by applying the developed model and SLA predictor to a 30-
year hindcast re-analysis for the period of 1985–2015. The high model accuracy facilitated
the evaluation of the relative contribution of sources to extreme water levels. The model
results revealed that remotely generated SLAs play a dominant role, explaining 50–60%
of the variability in extreme water levels inside the Salish Sea. Additional contributions
include atmospheric pressure anomalies and local winds inside the Salish Sea. A greater
tide range and mean sea level reached into the deeper areas of Puget Sound and combined
with a complex distribution of extreme NTRs to make extensive areas of South Puget Sound,
Boundary Bay near the Canadian border, and the large river delta/bay environments of
Bellingham, Samish, Padilla, Fidalgo Bays, and Whidbey Basin more exposed to extreme
water levels than the other coastal areas evaluated.

Overall, this study advances a framework and contributes to a better quantitative
understanding to model the sources of extreme water levels, including the role of remotely
generated SLAs in estuaries. The models provide a reliable and flexible approach for
assessing past and future coastal impacts. The developed hydrodynamic model and the
SLA predictor can serve as valuable tools for coastal management and decision-making,
helping to mitigate the potential risks posed by sea level rise and changing atmospheric
and ocean dynamics, some of which may manifest from remote sources.
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Appendix A

Appendix A.1. Stream Discharge Multi-Linear Regression Gap-Filling

The daily mean fluvial discharge prescribed at the freshwater boundaries of the model
was required to represent the Salish Sea density and its influence on regional coastal
water levels. Historical stream discharge data are available from the U.S. Geological Survey
(USGS) and Environment Canada for many but not all streams, and those with observations
can contain gaps in temporal coverage. The stream discharge data needed for simulating
the future were further limited to a few existing statistical or dynamic hydrologic models
that downscale global climate model outputs of precipitation and effects on runoff (e.g.,
evapotranspiration).
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The daily mean stream flow data for the period 1970–2020 from the USGS [69] and
Environment Canada [70] for these purposes were gap-filled for missing data and seasonal
variability through multilinear regressions of individual stream discharge data, Qf, against
other available stream discharge data, Qi. The discharges were log-scaled to avoid negative
discharge predictions and are related by:

log Q f = A +
N

∑
i=1

(Bi log Qi)

where A and Bi are the regression coefficients. A second component was added to capture
the strong seasonal signals in the discharge exhibited in different slopes for summer and
winter utilizing another parameter, α, such that:

log Q f = A + ∑N
i=1[αiBi log Qi + (1 − αi)CilogQi]

where

α =
1
2
+

1
2

cos[
2π(t −∅i)

365.25
]

with day of year, t, and seasonal offset, φi. The seasonal offset providing the best model
fit was used. The non-parametric smearing correction described in reference [83] was
implemented to remove bias introduced by the logarithmic transformation of discharge
following:

Qcorrected
f =

Q f

N

N

∑
i

eei

where the residuals, ei, are averaged for all observations, i.
The seasonal regression approach was applied in a multi-regression with all available

stream data to each river with data gaps. The model skill varied, with resulting R2 values
ranging from 0.5 to 0.9 (Figure A1). Figure A2 compares the modeled and observed
discharge results for six streams, representing a range of missing data and varied seasonal
watershed drainage behavior. Lastly, the regression results were used to construct future
time series stream discharge to the year 2100 based on the existing downscaled hydrological
simulations for select streams provided in [76].

Appendix A.2. Meteorological Bias Correction

Numerical weather model wind forecasts including Weather Research and Forecasting
(WRF) downscaled climate models [34] are coarser than many narrow waterways in the
Salish Sea and Puget Sound. Where waterways are not resolved, wind speeds are typically
biased low due to the higher friction parameterized over land in WRF simulations. To assess
and correct this bias, 6 km WRF downscaled North American regional re-analysis [72]
and 12-km WRF downscaled CMIP5 GFDL global climate model wind predictions [34]
were compared with Canada’s 2.5-km High-Resolution Deterministic Prediction System
(HRDPS) forecasts over the period of available data from 2016 to 2020 [71].

The wind speed quantiles from HRDPS were compared to the 1985–2015 period of the
re-analysis at each grid cell used for the hydrodynamic model. The same comparison was
made for the 1970–2015 historical period of the CMIP5 GFDL model. The percent difference
between the HRDPS and coarser model, for example, ∆U = (UHRDPS − UGFDL)/UGFDL, in
general, showed higher wind speeds over water, lower wind speeds over land, and greater
differences at extremes, with the 99th percentiles showing differences up to 70%. We applied
a correction factor, Fm, determined based on these differences, to the 6 km and 12 km WRF
wind data, where Fm = 1 + ∆U. Because extremes are the primary concern in coastal flood
hazard estimation, the correction factor is an estimate with the 99th percentile comparison.
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Though limited in their spatial coverage, local wind observations from available coastal
NOAA meteorology stations [84] were also integrated into the calculated bias corrections.
Similar to the model–model correction factors, observation–model correction factors, Fi,
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using the 99th percentile at each observation location, i, were derived. We allowed the
observations to influence the spatially varying correction factor, F, by defining a radius of
spatial influence (stars in Figure A3). This radius, Li, was determined subjectively based
on the observation station proximity to land and wind speed variability, where in larger
basins, Li is larger, and in smaller basins, Li is smaller (e.g., Port Townsend), see Table A1.
The observation-adjusted correction factor, F, was then estimated as a combination of Fm
and Fi. An exponential decay determined the averaging from the observation locations
with a decay rate of 1/Li written as follows:

F(x, y) = (1 − w)Fm(x, y) + ∑
i

wiFi

where

Wi = e−ri(x,y)/Li

and r is the distance from x, y to the observation site in degrees. This correction factor, F,
is estimated based on a 2.5 km grid and then applied to the 1985–2015 6 km re-analysis
and 2015–2100 12-km future GDFL projected wind speeds (interpolated onto a 2.5 km grid)
such that Uadj = Ugfdl × F.
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Table A1. NOAA wind speed observation locations, Station ID, and decay length, L.

Name ID L

Hein Bank 46088 0.1
Port Townsend PTWW1 0.01
Port Angeles PTAW1 0.1

Friday Harbor FRDW1 0.01
Smith Island SISW1 0.1
West Point WPOW1 0.15
Neah Bay 46087 0.01

Cherry Point CHYW1 0.1
Note: Wind data sourced from [84].
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